To explore white matter (WM) and gray matter tissue integrity in the apparently unaffected hemisphere of patients with herpes simplex encephalitis (HSE) who have gross unilateral medial temporal lobe (MTL) lesions and both verbal and visuospatial memory defi cits.
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Grydeland et al to HSE. We excluded one patient owing to prolonged respirator treatment during hospitalization, and three patients declined to participate. The fi nal sample consisted of fi ve patients who had recovered from HSE (one woman, four men; median age, 32 years; interquartile range [IQR], 28.5-37 years), all of whom had positive polymerase chain reaction fi ndings for herpes simplex virus type 1. Median time since the insult was 4 years (IQR, 2-7 years).
One patient was left-handed. A neuroradiologist (P.D., with 21 years experience) examined all MR images. In all patients, liquefi ed cavities were observed in the MTL, with signal changes in adjacent tissue ( Fig 1 ) . Lesions were deemed unilateral, involving the left ( n = 3) or right ( n = 2) hemisphere. The term contralateral hemisphere in the following text indicates the hemisphere contralateral to the HSE lesion.
The control group included 51 agematched healthy volunteers (30 women, 21 men; median age, 32 years; IQR, 28-37 years) drawn from a sample described in detail elsewhere (10) . Appendix E1 (online) and Table E1 even when such lesions are not detectable with standard MR imaging pulse sequences.
Diffusion-tensor (DT) imaging offers a noninvasive method to explore WM integrity in vivo. Deviations in diffusion characteristics may be detected in normal-appearing WM, indicating abnormalities that are not visible on standard T1-or T2-weighted MR images ( 9 ) . We hypothesized that patients with HSE would show less anisotropic diffusion, smaller subcortical volumes, and thinner cortices in the MTL of the apparently unaffected hemisphere compared with healthy age-matched controls. The purpose of our study was to explore WM and gray matter tissue integrity in the apparently unaffected hemisphere of patients with HSE who have gross unilateral MTL lesions and both verbal and visuospatial memory defi cits.
Materials and Methods

Subjects
Our study was approved by the institutional ethics committee, and all retrospectively enrolled participants gave written informed consent.
We identifi ed nine patients with HSE who fulfi lled the inclusion criterion of lesions affecting the MTL. Patients were required not to be using medicines that affect the central nervous system and not to have secondary injuries, diseases, or complications related H erpes simplex encephalitis (HSE) may cause gross uni-or bilateral cerebral lesions, usually affecting the medial temporal lobes (MTLs) (ie, hippocampal formation, entorhinal and parahippocampal areas), that are readily imaged by using standard spin-echo magnetic resonance (MR) sequences ( 1, 2 ) . As all cellular elements are affected, lesions may comprise both white matter (WM) and gray matter ( 3 ). Cognitively, the most common long-term sequela in HSE is anterograde amnesia ( 4 ): the impaired ability to form new episodic memories.
Anterograde amnesia involving both verbal and visuospatial memory has previously been indicated in patients with HSE who have unilateral temporal lesions ( 2, 5 ) . Researchers in other previous studies ( 6, 7 ) have reported that damage to the dominant MTL (usually the left) impairs verbal memory, while damage to the nondominant MTL (usually the right) impairs visuospatial memory. Follow-up analyses of patients who have undergone unilateral temporal lobectomy and have anterograde amnesia have shown hitherto undiscovered contralateral MTL damage ( 8 ) . Thus, patients with HSE who have both verbal and visuospatial amnesia may have lesions in normal-appearing brain tissue contralateral to the primary lesion,
Implications for Patient Care
Subtle lesions following HSE can n be identifi ed at DT imaging analysis in areas that appear normal with other imaging techniques, implying that DT imagingderived measures are useful in diagnosis and prognosis.
The lesions in normal-appearing n WM likely contribute to the memory impairments typically experienced by patients with HSE, and knowledge of such functional effects may facilitate rehabilitation.
Advances in Knowledge
Reduced microstructural integrity n of normal-appearing white matter (WM) was observed contralateral to gross unilateral lesions following herpes simplex encephalitis (HSE).
The subtle lesions in normaln appearing WM were not evident at conventional MR imaging but could be detected at diffusiontensor (DT) imaging analysis.
The severe amnesia of patients n with HSE, usually related to bilateral lesions, is likely caused in part by the reduced WM integrity in tracts connecting the medial temporal lobe to other parts of the brain in the apparently unaffected hemisphere. 
DT Imaging Analysis
Data were analyzed by using FSL software tools (FMRIB Software Library, available at http://www.fmrib.ox.ac.uk /fsl ) (H.G. and L.T.W., with 2 and 5 years experience, respectively). Each volume was affi ne registered to the b 0 volume by using FLIRT (FMRIB Software Library) and correcting for motion between acquisitions and eddy currents. After removing nonbrain tissue, fractional anisotropy (FA) and eigenvalue maps were computed. We defi ned mean diffusivity (MD) as the mean of the three eigenvalues, axial diffusivity (AD) as the largest eigenvalue, and radial diffusivity (RD) as the mean of the second and third eigenvalues. (The nomenclature axial and radial diffusivity pertains to the eigenvalues of the DT relative to the principal eigenvector and not necessarily to the underlying brain tissue.) FA volumes were skeletonized and transformed into a common space by using tract-based spatial statistics ( 11 ) . The tract-based spatial statistics steps were executed separately for the HSE L and control groups and for the HSE R and control groups. All volumes were nonlinearly warped to the FMRIB58_FA template by using FNIRT (FMRIB Software Library). Inaccurate warping may occur when structures are present in tions, Erlangen, Germany). MR examinations included two T2-weighted pulse sequences: fl uid-attenuated inversionrecovery repetition time (repetition time msec/echo time msec/inversion time msec, 9000/109/2500; matrix, 448 3 512; fi eld of view, 448; voxel size, 0.45 3 0.45 3 6.50 mm), or FLAIR, and sampling (online) summarize sample characteristics and results of the neuropsychologic assessment.
MR Imaging Acquisition
Imaging data were acquired by using a 12-channel head coil with a 1.5-T MR imager (Avanto; Siemens Medical Solu- (Table E2 [online]). Continuous Visual Memory Test (CVMT) delayed recognition scores tended to be lower for patients ( P = .0504), while scores on CVMT total and the initial ROCF copy did not show any signifi cant group differences. Figure 2 depicts voxels showing reduced FA and increased MD and RD in the patients compared with the controls ( P , .05, corrected for multiple comparisons). The Table gives a summary of the regional effects (corresponding FA, MD, and RD values are presented in Table E3 
DT Imaging Analyses
Statistical Analyses
Voxelwise DT imaging analyses for group effects (ie, HSE L group vs controls, HSE R group vs controls) on FA, MD, AD, and RD were performed by using permutation-based nonparametric cluster inference as implemented in Randomise (FMRIB Software Library), which is a permutation program. Threshold-free cluster enhancement was used for statistical inference ( 14 ) . For the HSE L group versus controls, 10 000 permutations were performed. Owing to the smaller sample size, 1378 permutations were performed for the HSE R group versus controls. To test for group effects on regional subcortical volumes while controlling for intracranial volume, we fi rst performed linear regression analyses with each volume as the dependent variable and intracrainal volume as the independent variable, saving the unstandardized residuals. These residuals were then fed into permutation tests by using custom Matlab (Mathworks, Nattick, Mass) scripts to test for median differences between groups. P values were Bonferroni corrected by a factor of 46. Vertexwise analyses for group effects on cortical thickness were carried out with cluster sizes tested nonparametrically against empirical null distributions as above. For all measures, we only considered effects in the contralateral hemisphere. P values less than .05 were considered to indicate signifi cant differences. Group differences in neuropsychologic measures were evaluated by using the MannWhitney test.
Results
MR images obtained with standard sequences showed unilateral lesions in all patients.
Behavioral Results
There were no signifi cant differences between patients and controls in 12 of the 16 sample characteristics and neuropsychologic assessment measures, including age and performance intelligence the standard, but not native, brain, and to account for this, areas showing signal intensity changes in the b 0 volumes were masked. Thus, the warping was based only on structures present in both native and standard spaces, and accuracy was judged to be satisfactory (H.G. and L.T.W.).
Mean FA volume across subjects was computed and thinned to generate a mean FA skeleton. We set a threshold for the skeleton at an FA greater than 0.20 to minimize partial voluming and excluded parts of the skeleton that intersected the gross lesions. Individual FA values were projected onto the skeleton, and the resulting data were fed into voxelwise statistics. Similar analyses were used for MD, AD, and RD.
To verify that significant effects were not due to errors in registration procedures or other processing steps, we (a) back-projected signifi cant FA effects to each participant's native diffusion space and (b) obtained FA, MD, and RD directly from a temporal lobe region of interest in native diffusion space and tested for group differences (H.G.).
Morphometric Analyses
Regional subcortical volumes and cortical thickness were obtained by using FreeSurfer software tools (Athinoula A. Martinos Center for Biomedical Imaging, available at http://surfer.nmr .mgh.harvard.edu ). For volume calculations of subcortical structures, we used whole-brain segmentation, which has been described in detail elsewhere ( 12 ) . Cortical thickness measurements were obtained by reconstructing representations of the boundary between WM and gray matter and the cortical surface and calculating the distance between these surfaces at each vertex across the mantle ( 13 ) . Maps were smoothed with a full width at a half maximum of 30 mm and averaged across participants. We visually checked all segmentations in the contralateral hemisphere for accuracy and corrected minor errors, usually restricted to removal of nonbrain tissue included in the cortical surface (H.G. and L.T.W.). Intracranial volume was estimated by using an atlas-
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Grydeland et al directly from the temporal lobe region of interest in diffusion space also differed signifi cantly between groups, further verifying that the observed effects were not due to registration or other processing errors (Table E4 [online], Fig E3 [online] ).
Morphometric Analyses
No signifi cant differences between patients and controls were observed in subcortical volumes (including hippocampus) or cortical thickness in the contralateral hemisphere (Fig E4 [online] ).
Discussion
In our study, memory-impaired HSE patients with unilateral lesions on standard MR images were shown to have areas of altered diffusivity in the hemisphere contralateral to the MR-detected lesions. Notably, these contralateral abnormalities in diffusivity affected tracts connecting the MTL with other parts of the brain, including those involved in memory processing ( 15 ) . Researchers in previous studies of HSE have reported changes in WM diffusivity ( 16, 17 ) and volume ( 18, 19 ) in temporal areas comprising these tracts. However, these studies did not explore normal-appearing brain tissue specifi cally. Our fi ndings suggest that reduced WM integrity in seemingly unaffected areas in the hemisphere contralateral to the primary HSE lesions is involved in the impaired memory observed in these patients. The reduced WM integrity could be explained by bilateral damage caused directly by the herpes simplex virus or by secondary immune-mediated mechanisms ( 20 ) . Postmortem fi ndings in 29 patients with HSE invariably showed bilateral asymmetric distribution of herpes simplex virus antigen in different brain areas (including MTL), indicative of disease progression from one hemisphere to the other ( 21 ) . Acyclovir treatment may hamper this bilateral spread ( 22 ) , but both hemispheres could still be affected even if it is not observable at neuroradiologic examination. It has been published ( 1 ) that MR spectroscopy of one patient with HSE who had only right temporal lobe trols, a 15% difference. No areas showed decreased RD in the patients.
No signifi cant differences were found in AD between patients and controls in the contralateral hemisphere. Figure E2 (online) shows backprojected signifi cant FA effects superimposed on the FA volumes of each patient and fi ve age-and gender-matched controls, demonstrating good alignment between the skeleton and the native space in the temporal areas. In addition, FA, MD, and RD values obtained controls, a difference of 12%. No areas showed decreased MD in the patients.
Median RD in areas showing signifi cant group differences in the contralateral hemisphere was 0.63 3 10 
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in morphology, at least in some areas. However, the limited statistical power of our study may have precluded detection of subtle morphometric effects, and it is premature to conclude that such effects do not exist on the basis of our analyses. Larger samples are needed to explore this hypothesis. Diffusion properties of the arcuate fasiculus, fornix, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, parahippocampal cingulum, and uncinate fasciculus have been related to memory functions in epilepsy and schizophrenia ( 29, 30 ) . In our study, differences in diffusivity between patients and controls were observed in all these tracts. Patients also showed substantial defi cits on tests assessing verbal and visuospatial memory. Researchers in previous lesion ( 6,7 ) and functional MR imaging ( 31,32 ) studies have reported multiple-comparisons correction. Subcortical volume and cortical thickness reductions in the MTL have been documented in HSE ( 18, 19, 26 ) , but not specifi cally concerning normal-appearing brain tissue. In 35 patients with primary progressive multiple sclerosis who had reduced FA in normal-appearing WM tracts, Bodini et al ( 27 ) found gray matter atrophy in some anatomically corresponding areas but not others. DT imaging and morphometry may therefore be complementary and relatively independent neurobiologic markers of subtle structural alterations ( 28 ) . Accordingly, we have previously found that DT imaging indexes are sensitive to normal age-related WM changes decades prior to tissue loss ( 10 ) . Thus, subtle pathologic changes may manifest primarily as microstructural changes as measured at DT imaging and, to a lesser extent, damage visible on T1-and T2-weighted MR images showed a reduced N -acetylaspartate-to-choline ratio, indicating neuronal loss, in the normal-appearing left temporal lobe. On the basis of our current data, we cannot rule out the possibility that the altered diffusivity is mediated by secondary lesion-related mechanisms ( 9 ) . Images from acute stages are needed to address the question of direct and secondary effects. The RD increases observed in our study may partly be caused by demyelination ( 23, 24 ) , although other factors, such as axonal loss, fi ber density, axonal diameter, and integrity of cell membranes, probably contribute considerably to the degree of anisotropy ( 25 ) .
No group differences in subcortical volumes (including hippocampus) or cortical thickness were observed in the contralateral hemisphere after Figure E1 [online] for tract renderings). NS = no signifi cant differences.
NEURORADIOLOGY: Diffusion-Tensor Imaging: Amnesia after Herpes Simplex Encephalitis Grydeland et al material-specifi c lateralization of verbal and visuospatial memory function; bilateral damage could thus be necessary to cause memory impairment in both domains. Consequently, one may infer that the altered diffusivity in the contralateral hemisphere contributed to the memory defi cits in these patients with HSE.
Inferences about functional memory effects should be drawn with caution. Reports of memory defi cits for verbal ( 32, 33 ) and visuospatial ( 34 ) material following both left and right unilateral lesions suggest that unilateral lesions may be suffi cient to cause both verbal and visuospatial memory impairment. However, these previous fi ndings do not mean that bilateral damage will not cause further memory problems. Rather, both verbal and visuospatial memory may be dependent on the integrity of both the left and right MTLs ( 34 ) . This hypothesis is supported by a functional imaging study that showed bilateral MTL activity with verbal material ( 32 ) . Thus, altered diffusivity in tracts connecting the MTLs to other brain areas likely contributes to the severe memory defi cits in patients with HSE.
A major limitation of our study was the small patient sample. The rare occurrence of HSE, estimated at an annual incidence between two and three cases per million people ( 35 ) , limits the recruitment of large groups, as indicated by other morphometric studies that have used a similar number of HSE participants ( 18, 26 ) . However, the small patient sample reduced statistical power, and further studies, preferably with larger samples, are required to confi rm our fi ndings.
Future studies should further examine the functional effects of the changes seen at DT imaging and may profi t from a longitudinal design, particularly including imaging during acute phases, to allow for clearer inferences about neurobiologic mechanisms. Inclusion of patients with HSE who have a degree of tissue affection that is similar to that which we described here but who have no evidence of cognitive defi cits, if such patients indeed exist, would be particularly benefi cial for inferences of structurefunction relationships.
